Polyelectrolyte-based nanoscale self-assemblies, such as micelles, possess diverse desirable attributes such as capability for sequestering and protecting biomacromolecules against inhospitable environments, responsiveness to external stimuli, and tunability of physical behavior. However, little is known on the mechanisms of dissociation when micelles encounter and respond to environmental changes. Using salt-jump, timedependent, light scattering, the pathway of dissociation is observed in polyelectrolyte complex micelles that have complex cores and neutral coronas. The micelle dissociation kinetics appear to be a three-staged process, in good agreement with the scattering data. Using kinetic models of amphiphilic block copolymer micelles in polyelectrolyte complexation-driven micelles, we derive an analytical expression for dissociation relaxation rates as a function of solvent temperature, salt concentration, and the length of the charged polymer blocks. The theoretical predictions are compatible with the experimental data from light scattering experiments. This study demonstrates experimentally the relaxation kinetics of polyelectrolyte complex micelle dissociation and illustrates the underlying mechanism governing the dissociation kinetics. It is anticipated that these findings can be generalized to other electrostatic interaction-driven self-assemblies to better understand the relationship among the kinetics of dissociation, constituent polymer properties, and environmental parameters.
INTRODUCTION
Ionic complexes formed by charged macromolecular units in natural systems play an important role in membraneless organelle formation, 1 protein folding, [2] [3] [4] and nucleotide transportation. [5] [6] [7] Synthetic polymers bearing opposite charged moieties also form polyelectrolyte complexes via associative phase separation. [8] [9] [10] [11] [12] [13] [14] [15] These ionic complexation-driven assemblies are of longstanding interest because of their broad industrial applications including underwater adhesives, 16 encapsulants, 17, 18 delivery, 19, 20 and smart hydrogels. [21] [22] [23] Polyelectrolyte complex (PEC) micelles are a type of nanoscale self-assembly that possesses micellar cores of ionic complexes and coronas of neutral polymers. Polyelectrolyte complex micelles perform well in gene and protein delivery since positively-charged polymers can condense large nucleic acids into small nanostructures and neutralize the negatively-charged moieties on the nucleic acid chains, protecting them from potential enzymatic degradation and promoting successful transfection into various cell types. [24] [25] [26] Being non-covalent assemblies, they can dissociate to deliver the payload.
However, despite its significance, knowledge of the underlying mechanism that governs PEC micelle dissociation kinetics remains limited. The vast majority of the efforts of the past two decades have focused on the static properties of PEC micelles, such as their stimuliresponsiveness, co-micellization with various biological macromolecules, and therapeutic applications. 27 While direct studies of the dissociation (or formation) kinetics in polyelectrolyte complex micelles have been reported rarely to date, previous efforts and progress on micelles formed by low weight surfactants and nonionic block copolymers may provide initial insights. In the 1970s, Aniansson and Wall proposed two possible mechanisms for the kinetics of dissociation in surfactant micelles: (1) a step-wise single chain expulsion and insertion mechanism and (2) a collective micelle fission and fusion mechanism. 28 Later, experimental observations using light scattering techniques clearly confirmed that the kinetics of surfactant micelle dissociation-formation equilibrium can be characterized by two well-separated relaxation processes. Based on that, Halperin and Alexander developed a similar theory for amphiphilic block copolymer (ABC) micelles. 29 They claimed that micelle fission (or fusion) may be deactivated due to the high free energy penalty it incurs owing to the coronal interaction, which scales as
where N B is the length of the core-forming block, and P 1 and P are the aggregation number of the fissionable aggregate and the initial micelle, respectively. The fission activation energy clearly minimizes when P 1 = 1, which favors the single chain expulsion mechanism.
It is noteworthy that this result is only valid for systems that undergo small deviations from equilibrium states. Results from a few experiments suggested that the single chain expulsion/insertion alone can not explain the phenomena well. For example, Esselink et al.
investigated the evolution of mixed ABC micelles formed by two polymers that have the same composition but different coronal block lengths, and pointed out that the redistribution of polymer chains among micelles proceeds mainly via micelle fusion. 30 Dormidontova predicted theoretically that micelle fission is a slow process at dynamic equilibrium states but plays a major role when micelles re-equilibrate from a large perturbation (such as during temperature-jump experiments). 31 Compared to unimer expulsion where the entropic penalty comes from the exposure of the solvophobic chains in selective solvent, micelle fission needs to overcome the free energy increase corresponding to the separation of micellar cores. The fission activation energy, U f iss , is given as:
where P eq , P 1 , and P 2 represent the aggregation numbers of the pre-fission micelles in equilibrium and post-fission micelle 1 and 2, respectively. It predicts that when a micelle system is far away from its equilibrium state, micelle fission or fusion becomes dominant. Recently, experimental efforts have been made to observe micelle fission directly. For example, Burke et al. observed that fragmentation of block copolymer micelles happened when micelles undergo morphological transitions from spherical micelles to rod-like aggregates; 32 Rharbi reported that, even at equilibrium, micelle fission took place in PEO-PPO-PEO micelles, but with a rate 10 6 slower than that of chain expulsion and insertion. 33 In comparison, experimental work on the dissociation kinetics of PEC micelles is scarce.
Despite the stark contrast of the driving forces for self-assembly, PEC micelles have been oftentimes understood in an analogous way to ABC micelles. This comparison may be plausible with respect to static micellar structures, which have been the focus of attention so far.
We recently reported that the long-range electrostatic interactions do not significantly affect micelle-micelle correlation, demonstrating that PEC micelles in dilute solutions interact in a similar way to their uncharged counterparts. 34 They fit the relaxation curves by a double-exponential function, in which the fast relaxation process is attributed to the initial complex formation and the slow relaxation is attributed to a micelle fusion-fission mechanism.
In this article, we aim to make strides toward understanding the mechanism of dis- , and a negatively charged homopolymer, poly(acrylic acid sodium) (PAA 158 ). 35, 36 The subscripts indicate the numbers of repeat units. The PVBTMA block has been demonstrated as an effective cationic vector for DNA encapsulation and delivery, while the PAA block has been extensively studied as a proxy for weakly charged biomacromolecules. 37, 38 The physical properties of the micelles in equilibrium are characterized by a combination of techniques including dynamic light scattering, small-angle X-ray scattering, and cryogenic electron microscopy. The salt-dependent evolution of PEC micelles upon an abrupt salinity ascendance is investigated using time-resolved static light scattering. We have developed a quantitative model to predict the dependence of the dissociation rate on the ionic chain length, temperature and salt concentration, which approximately agree with our data and can be further examined.
RESULTS AND DISCUSSIONS
Characterization of PEC Micelles. We characterized the morphology, size, and internal structure of the PEC micelles by employing a combination of techniques including dynamic light scattering (DLS), small-angle X-ray scattering (SAXS), and cryogenic electron microscopy (cryo-TEM). As the DLS analysis shows in Figure 1B , the PEC micelles exhibit a monomodal size distribution, and the hydrodynamic radius is centered at 30 nm with a narrow distribution. As seen in Figure with 1.0 mg mL -1 PEO 225 -b-PVBTMA 100 /PAA 158 was measured when the solvent salt concentration jumps to 300 mM, 400 mM, 500 mM, and 600 mM, respectively. As illustrated by Figure 3 and 3, the induced disassembly causes strong decrease of the scattering intensities.
We take the structure factor as unity because the interparticle interaction is minimal at such a dilute polymer concentration, and also take the form factor as unity since qR micelle < 1,
where R micelle is the radius of the salt-free micelles, q is the scattering wave vector, λ 0 is the incident laser wavelength that equals to 637 nm, n is the solvent refractive index which is about 1.332 for H 2 O at room temperature, and is the measuring angle which is 90 o .
Therefore, the scattering intensity is written as 42
where dn dc is the reflective index increment, C is the weight concentration of the polymers, C CM C is the critical micelle concentration which is primarily a function of the solvent salt concentration, P mean (t) is the average aggregation number and is time dependent, and M w is the molecular weight of a building block. A building block is defined as a neutralized group containing a diblock polyelectrolyte chain plus the amount of oppositely charged homopolymer needed to neutralize it. In this case, M w approximately equals 150 kg mol -1 . It is shown, for a given system, that the time evolution of the scattering intensity is only proportional to the average aggregation number. Equation (3) is therefore simplified to be
Trial fits of a single exponential or a sum of two exponential functions do not give satisfactory results, which indicates the kinetic of the dissociation process is inherently more complicated.
Similar results have been found and reported by us in kinetically trapped polyelectrolyte complexes. 36 Satisfactory fits are only obtained when we fit the dissociation of the micelles with an Avrami-type model in the form of a compressed exponential function as follows:
where τ is the relaxation rate and β is the exponential exponent that relates to the type of (de)nucleation and shrinking (or growth) geometry. The Avrami phenomenological model has been used to describe the relaxation kinetics in far-from-equilibrium systems, such as isothermal phase transformations, 43 crystallization kinetics in polymer blends, 44 aging dynamics in colloidal gels, 45 adsorption kinetics of polyelectrolytes on solution interfaces, 46 and morphological transitions in ABC micelles. 47 The exponential exponent, β, is assumed to range from 1 to 4 and is an indicator of the geometric dimension of the denucleation: Avrami exponent β = 1.0 denotes the one-dimensional rodlike denucleation and β = 2.0 indicates the two-dimensional disklike denucleation. 48, 49 In micelle dynamics, first-order kinetics (β = 1.0)
corresponds to the single chain expulsion/insertion mechanism. 29, 50 Second-order kinetics (β = 2.0) has also been reported in certain ABC micelles. Meli et al. reported that the relaxation kinetics in poly(ethylene oxide)-b-poly(butadiene) micelles in ionic liquids over a broad range of temperature and concentrations can be well described by an Avrami-type relaxation function with an exponent of 2. 51 They attributed this temperature-dependence relaxation behavior to a micellar fission/fusion mechanism. Here, because the salinity jump renders micelle systems far way from equilibrium, we attempt to use the Avrami model to elucidate the relaxation behaviors in the PEC micelles.
The fitting results are shown in Table 1 . It is observed that (i ) the relaxation time decreases as temperature increases or salt concentration increases, (ii ) all the exponential exponents are in the range of 1 and 2, and (iii ) the exponent of the low temperature is in proximity to 2 but decreases when the temperature increases. The acceleration of the micellar dissociation upon temperature increase is probably due to the thermally activated motion of the polymeric chains as well as the enhanced random forces from the solvent molecules. This has been previously observed. 51 Almost all the values of exponent β is larger than 1 but smaller than 2. It seems that neither the single chain expulsion/insertion nor the fission-fusion mechanism are solely applicable, especially at high temperatures and low salt concentrations. However, in the following, by applying scaling law of conventional ABC micelles to PEC micelles with consideration of the salt and temperature dependence on the interfacial tension and ionic complex phase density, we demonstrate that the saltinduced dissociation of PEC micelles can be well explained by a micelle fission model which separates the dissociation pathway into three stages. Additionally, the mismatches between experimental data and the model fits at the onset of the dissociation will be explained under the context of the micelle fission model.
Micelle Fission Model.
Our model considers the micelle dissociation process in three successive stages, as depicted in Figure 5 . First, upon the addition of salt or the temperature increment, the initial micelle undergoes an instantaneous swelling or shrinkage with the changes of the interfacial tension and the complex density of the core, as denoted by γ(C s , T )
and φ(C s , T ) respectively. This step is thought to be fast and cannot entirely be resolved experimentally, although some evidence is presence in the scattering data at initial time points, which will be discussed later. Second, this unstable and short-lived micelle tends to separate into two intermediate micellar aggregates, with the cores in contact and the corona areas overlapping. This is believed to be the rate-limiting step because it involves the compartmentation of the polymer chains in the core and redistribution of the coronaforming chains. Third, the nascent micellar aggregates separate into individual assemblies with the elimination of the corona overlap. The three-staged dissociation model is depicted in Figure 4 .
Mathematically, the whole process can be represented as: PEC Micelle in Salt-Free Conditions. It is well known that the total free energy of a polymeric micelle in a salt-free solution, F , comes from three contributions: (1)F corona that accounts for the stretching of the coronal blocks in the corona region, (2) F int that represents the excess free energy of the corona-core interface, and (3) F core responsible for the extension of the core chains. 31, [52] [53] [54] Thus, it can be written as:
where ν is the mass per charged monomer unit, P is the aggregation number, and C i are
where R is the size of the core and H is the thickness of the corona. In our case, C 1 is close to 0.35, and C 2 is estimated to be 4π 1/3 3 2/3 = 4.84. The first and the third terms are of the same order, but usually the third one is ignored in dilute micelle solutions. 31, 52 The minimization of the free energy with respect to P leading to the scaling law for PEC micelles in the absence of salt: the equilibrium properties of the PEC micelles are characterized by the aggregation number P 0 , core radius R 0 , core complex density φ 0 , and core-solvent interfacial tension γ 0 . Thus, the equilibrium aggregation number, P eq , and core radius, R eq , of PEC micelles are given by:
Step 
Step 2: Micelle Core Fragmentation. Upon the salt jump, the swollen micelles are in a metastable state and tend to evolve into two charge-neutralized aggregates with aggregation numbers P 1 and P 2 . The nascent aggregates continues to split until a final aggregate number is reached. We characterize the relaxation time for the chain reaction-like process with τ 2,i .
Unimer expulsion pathway is favored when P 1 or P 2 equals to 1. However, in the following,
we are going to demonstrate that micelle fission is a more effective pathway to reach new equilibrium states with a significant decrease in the aggregation number. This first split reaction is characterized by the relaxation time τ 2,1 and is assumed to be rate-limiting. The activation energy is given by: 29,31
The free energy of a micelle can be rewritten as F (P ) = (3/2)P 5/6 eq P 2/3 + P 3/2 , combing Equation (7) and (9). We define Ω ≡ P 1 /P , denoting the amount of the fissionable polymer chains. Then, the activation energy can be rewritten as:
For Ω = 1/2, the activation energy becomes negative when P > 2P eq , meaning the micelle fission is thermodynamically favorable. This may not stand for some cases in which a small perturbation is induced and the aggregation number does not change markedly; however, it certainly holds true in the irreversible salt-induced micelle dissociation experiments here, because the final size of the micelle after salt jump is very small in most cases (P eq is close to zero). In other words, the first term in Equation (12) is negligible, and the second term, which is always negative, reaches its minimum when Ω = 1/2, meaning fission into two equal-sized aggregates is the most efficient way to decrease the free energy. It should be pointed out that, under this analysis, albeit less efficient, unimer expulsion may also exist.
Further, in order to relate the fission activation energy to the micelle attributes, we rewrite the free energy into
Combing Equation (8), (9) , and (11), we can get the expression of the fission activation energy, which reads The second term in the bracket in negligible compared to the first term. In turn, the relaxation time of micelle core fragmentation can be estimated as
Thus, the master equation for the micelle fission relaxation time reads
The successive fission reactions proceed in an analogous way to the first fission, i.e., the nascent aggregate splits into two equal-sized smaller aggregates. The interfacial tension coefficient, γ, and core density, φ, remain the same since the salt concentration is constant in this process. So, the total relaxation time for the micelle fragmentation is given as
From Equation (17), we can see that the further fission steps follow the same scaling law and their relaxation rates are in a geometric sequence with a common ratio of 1/2. If we consider the fission has infinite steps, the total relaxation time for the further steps, ∞ i=2 (1/2) i ln τ 2,1 , is estimated to be 1 2 ln τ 2,1 .
Step 3: Micelle Separation. The nascent aggregates from fission are initially in contact, but the coronal chains at the interface tend to stretch into the solvent, which renders the two aggregates drift apart. This process increases the system entropy and the relaxation time, τ 3 , is considered negligible.
Effect of Salt Concentration. In the following, we aim to investigate the dependencies of the relaxation time on salt concentrations, solution temperature, and the length of the charged blocks, and compare our experimental data with theoretical predictions. From Equation (17) , the scaling law between the relaxation time and salt concentration reads:
where γ(C s ) and φ(C s ) represent the dependencies of the interfacial tension and core density on the salt concentration, C s , respectively. 
Using this relationship, we fit the micelle relaxation rates at four different salt concentrations, and the results are shown in Figure 5 . The fit is reasonably good with a residual The dependence of the micelle fission rate on ionic block length is drawn in Figure 7 .
It is shown that the logarithmic fission rate increases with the degree of polymerization of the charged block with a power law of 6/5. Although we do not have experimental data to check this prediction so far, this relationship can be experimentally examined in the future and also providing guidance for designing carriers with customized lifetime. As mentioned previously, we see mismatches between the experimental data and the quantitative model at the beginning of the dissociation process. This phenomenon is more obvious in the salt-dependence case than in the temperature dependence case. We speculate that is where the micelle swelling or shrinking happens -the fast first step characterized by a relaxation rate τ 1 . According to Equation (4) Moreover, we illustrate the dependencies of micelle fission relaxation rates on salt concentration, temperature, and charged block length. By taking into account the recent advances in understanding the relationship between interfacial tension and salt concentration/temperature in polyelectrolyte complexes, we derive an analytical expression for fission relaxation rates. The comparison of the predictions with our experimental data is in good agreement. We also make a prediction on the scaling law between the relaxation rate and the ionic block as ln τ ∝ N 6/5
ionic , which can be further experimentally examined. We anticipate that these findings will provide insights on the fundamental understanding of micelle dissociation and encourage future effort on the kinetics of polyelectrolyte-based self-assemblies.
EXPERIMENTAL
Polymer Synthesis. PEO-b-PVBTMA was synthesized by aqueous reversible additionfragmentation chain transfer (RAFT) polymerization. The details have been previously reported by us previously. 35 The poly(acrylic acid sodium salt) (PAA 158 , M w = 14,800 g mol -1 ) was purchased from Polymer Source Inc. with confirmed molecular weight and chemical structures.
Micelle Preparation. Micelle preparation and characterization were performed according to the protocol established in our previous work. 36 Briefly, polymer stock solutions were prepared by dissolving polyelectrolytes in Milli-Q water at the total concentration of 5 mg mL -1 and filtering solutions through PVDF filters (average diameter ≈ 220 nm). Micellar assemblies were formed by directly mixing the polycation and polyanion solutions under stoichiometric conditions. The order of addition was checked and did not affect the assembly features. All the samples were set aside for at least 24 h before any experiments.
Dynamic Light Scattering. Dynamic light scattering was carried out on a Brookhaven
Instruments BI-200SM Research Goniometer System with a 637 nm incident laser. The scattering vector, q, is defined by q = 4πn λ sin( θ 2 ), where λ is the wavelength of the incident light, n is the refractive index of the solution, and θ is the angle between the incident and scattering laser. The fluctuation of the electric field generated by the ensemble collection of the solution particles under Brownian diffusion can be expressed using a field autocorrelation function:
∞ 0 E(t)E(t+τ )dτ = exp −Dq 2 τ , where E is the electric field, τ is the delay time, and D is the diffusion coefficient. The experimentally measured intensity correlation function, G 2 , is equivalent to the actual electric field autocorrelation, G 1 , through the Seigert relationship: 
], where A is the amplitude or intercept of the correlation function, B is the baseline, Γ is the decay rate, and µ 2 is proportional to the distribution width. The polydispersity index is expressed as:
where σ is the standard deviation of a hypothetical Gaussian distribution centered on R h .
The size distribution was obtained using REPES algorithm.
Multi-angle measurement was conducted using a script that written by the Cmm scripting language. Correlation functions were typically collected at 12 scattering angles from 30 o to 140 o at 10 o increments, and running duration of each angle was at least 1 minute. The angular dependence of diffusion coefficient was acquired by plotting q 2 versus decay rate Γ.
A linearity over a range of scattering angles is a good indication of isotropic scatters, i.e., spheres when the radius is larger than λ/20 nm. The correlation function at each angle was fitted to a first-order single exponential relaxation function in MATLAB. second exposures were collected first from the buffer blank (pure water) and followed by the micelle samples of different concentrations. Solutions were oscillated in a stationary quartz capillary cell during data collection to maximize the exposed sample volume and reduce the radiation dose per unit volume of sample. The collected data were radially integrated, analyzed for radiation damage, and buffer subtracted using the automated data reduction pipeline at the beam line. Only data that did not show any signs of the effects of radiation damage were included in the final average for each sample concentration. More details on the SAXS data collection are available in the literature. 60 The X-ray scattering length densities of the polymers are calculated using the SLD calculator provided by NIST and are shown in Table 2 . Micelle samples were fitted using a model that contains polydisperse core-shell sphere and a polydisperse Gaussian coil function, which has been reported by us previously. 34 The details of the model can be found in the Supporting Information. 
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